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Outline

Ø CJ framework for Nucleon
Ø CJ framework for Deuteron
Ø Off-Shell variations
Ø Higher-Twist variations
Ø JLab 6 GeV data (Kinematics)
Ø Interplay of observables’ dynamics
Ø F2d/F2n extraction
Ø Impact of Jlab 6 GeV data on d/u & Off-Shell
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276 10 High Energy Interactions and the Dynamic Quark Model

In this case,

2M! > Q2: (10.30)

For inelastic scattering, the squared transferred four-momentum q2 and the trans-
ferred energy ! are independent variables. The elastic limit is characterized by the
conditionW 2 DM2, i.e., 2M! D Q2. The inelastic cross-section can be expressed
in terms of these two variables as
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Equation 10.31 is similar to Eq. 10.16a for elastic scattering. The difference is that
now W1;W2 are arbitrary structure functions, which generally depends on the two
kinematic variablesQ2; !.

Deep inelastic scattering (DIS) experiments were used to investigate the inner
structure of protons and neutrons, and to test the quark hypothesis. The deep
inelastic scattering conditions are defined by

Q2 ! M2I ! D E " E 0 !M: (10.32)

Deep inelastic interactions of elementary particles like electrons, muons or neutrinos
with a nucleon will be the result of a superposition of elastic scattering with the
constituents if the nucleon is composed of point-like particles. If these partons
have mass m and if the transferred energy is much larger compared to their binding
energy, the cross-section (10.31) will be the sum of the contributions of the lepton
elastic scattering on the different partons, that is,
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Note that (1) ı.! " Q2=2m/ expresses the condition that the impact is elastic
(W D m) from (10.29); (2) since the collision with the parton is elastic, Eq. 10.33
has the same structure as the elastic ep cross-section (10.16a) after replacingM with
the parton massm; (3) comparing Eq. 10.33 with Eq. 10.31, the following conditions
on the structure functions can be written as
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In 1967, Bjorken showed that in deep inelastic scattering, the structure functions
describing the nucleon depend on dimensionless variables. In particular, they do
not depend on the transferred four-momentumQ2, on the transferred energy ! and
on the nucleon size, as in the case of elastic scattering. This property was derived
assuming that the collisions of electrons, muons and neutrinos onp and n occur with
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physically motivated models for the off-shell effects, the
precision of the new data allows us to perform a purely
phenomenological fit, with the off-shell parameters deter-
mined directly from the data. Other improvements in the
CJ15 analysis include a more robust parametrization of the
d̄=ū asymmetry, which accommodates different asymptotic
behaviors as x → 1, and the implementation of the
S-ACOT scheme [22] for heavy quarks.
In Sec. II, we review the theoretical formalism under-

pinning our global analysis, including the choice of para-
metrization for the various PDFs. We discuss the treatment
of mass thresholds, and the application of finite-Q2

corrections from target mass and higher-twist effects that
are necessary to describe the low-Q2, large-x data. A
detailed investigation of nuclear corrections in the deuteron
follows, in which we outline several models and para-
metrizations of nucleon off-shell corrections, which re-
present the main uncertainty in the computation of the
nuclear effects.
In Sec. III, a summary of the data sets used in this

analysis is given, and the results of the fits are presented in
Sec. IV. Here we compare the CJ15 PDFs with other
modern parametrizations, as well as with selected observ-
ables. In addition to the NLO analysis, we also perform a
leading-order (LO) fit, which is useful for certain applica-
tions, such as Monte Carlo generators or for estimating
cross sections and event rates for new experiments. Our
central results deal with the role played by the nuclear
corrections and their uncertainties in the global analysis,
and how these can be reduced by exploiting the interplay of
different observables sensitive to the d-quark PDF. We
discuss the consequences of the new analysis for the shape
of the deuteron to isoscalar nucleon structure function ratio,
and the closely related question of the behavior of the d=u
PDF ratio at large x. Finally, in Sec. V we summarize our
results and discuss possible future improvements in PDF
determination that are expected to comewith new data from
collider and fixed-target experiments.

II. THEORETICAL FOUNDATIONS

In this section, we present the theoretical framework on
which the CJ15 PDF analysis is based. We begin with a
discussion of the parametrizations chosen for the various
flavor PDFs, noting the particular forms used here for the
d=u and d̄=ū ratios compared with earlier work. We then
describe our treatment of heavy quarks, and the imple-
mentation of finite-Q2 corrections. A detailed discussion of
the nuclear corrections in the deuteron follows, where we
review previous attempts to account for nucleon off-shell
effects and describe the approach taken in this analysis.

A. PDF parametrizations

For the parametrization of the PDFs at the input scaleQ2
0,

chosen here to be the mass of the charm quark, Q2
0 ¼ m2

c, a

standard five-parameter form is adopted for most parton
species f,

xfðx;Q2
0Þ ¼ a0xa1ð1 − xÞa2ð1þ a3

ffiffiffi
x

p
þ a4xÞ: ð1Þ

This form applies to the valence uv ¼ u − ū and dv ¼
d − d̄ distributions, the light antiquark sea ūþ d̄, and the
gluon distribution g. The charm quark is considered to be
radiatively generated from the gluons. To allow greater
flexibility for the valence dv PDF in the large-x region, we
add in a small admixture of the valence u-quark PDF,

dv → adv0

"
dv
adv0

þ bxcuv

#
; ð2Þ

with b and c as two additional parameters. The result of this
modification is that the ratio dv=uv → adv0 b as x → 1,
provided that adv2 > auv2 , which is usually the case. This
form avoids potentially large biases on the d-quark PDF
central value [13], as well as on its PDF error estimate [23],
as we discuss in detail in Sec. IV. A finite, nonzero value of
the dv=uv ratio is also expected in several nonperturbative
models of hadron structure [16,24–28]. The normalization
parameters a0 for the uv and dv distributions are fixed by
the appropriate valence quark number sum rules, while ag0
is fixed by the momentum sum rule.
In the CJ12 PDF sets the combinations d̄% ū were

parametrized separately. In that analysis it was found to be
difficult to control the size of the d̄ distribution relative to
the ū at values of x above about 0.3, since there were
essentially no constraints on the sea quarks. Consequently
some fits generated d̄ PDFs that became negative in this
region. While this had little effect on the NLO fits since the
terms were very small there, it was nonetheless unsatis-
factory when one considered LO fits where the PDFs are
expected to be positive. In the present analysis we therefore
parametrize directly the ratio d̄=ū instead of the difference
d̄ − ū. For the functional form of d̄=ū at the input scale Q2

0,
we choose

d̄
ū
¼ a0xa1ð1 − xÞa2 þ 1þ a3xð1 − xÞa4 ; ð3Þ

which ensures that in the limit x → 1 one has d̄=ū → 1.
This is actually a theoretical prejudice since the sea quark
PDFs are fed by Q2 evolution which, in the absence of
isospin symmetry violating effects, generates equal d̄ and ū
contributions.
Since the existing data are not able to reliably

determine the large-x behavior of the ratio, we have also
performed alternative fits using d̄=ū ¼ a0xa1ð1 − xÞa2 þ
ð1þ a3xÞð1 − xÞa4 , which vanishes in the x → 1 limit.
Data from the E866 dilepton production experiment [29,30]
currently provide the strongest constraints on the d̄=ū ratio
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nucleon virtuality p2 as an additional variable. Therefore, the off-shell effects in the structure
functions are closely related to the target mass corrections. Target mass effects in the off-shell
nucleon can be of two different kinds. First, similarly to the on-shell nucleon, we have to take
into account the kinematical target mass dependence due to the finite p2/Q2 ratio. We assume
that this effect is described by Eqs. (11), where the nucleon mass squared is replaced by p2 (this
leads in turn to the modification of the parameter γ and the variable ξ in the off-shell region).
Furthermore, the dependence on p2 appears already at leading twist (LT) at the PDF level as was
argued in [46,48,50,51]. Thus off-shell effects in the LT structure functions can be viewed as a
measure of the nucleon’s modification inside nuclear medium.
Since we treat nuclei as non-relativistic systems it would be enough to consider the off-shell

effect as a correction. We expand the nucleon LT structure functions in the vicinity of the mass
shell in series in p2−M2. Keeping only the linear term we have for F2

F2
(
x,Q2,p2

)
= F2

(
x,Q2)

(
1+ δf2

(
x,Q2) p2−M2

M2

)
, (44)

δf2
(
x,Q2) = ∂ lnF2(x,Q2,p2)

∂ lnp2
, (45)

where the first term is the structure function of the on-mass-shell nucleon and the derivative is
evaluated at p2 = M2. Similar expressions can be written for the other structure functions.
The function δf2 can be related to the corresponding off-shell functions for the nucleon parton

distributions. The necessary relation can be obtained by writing F2 in terms of a convolution of
the parton distributions with the corresponding coefficient function according to the given order
in αS . In order to simplify discussion and illustrate this relation we can consider the simple
leading order expression of F2

F2 = x
∑

e2i (qi + q̄i ), (46)

where ei and qi (q̄i) are the charge and the distribution of (anti)quarks of the type i and the sum
is taken over different types of quarks. The off-shell function for the parton distribution q(x) is
defined similarly to Eq. (45), δfq = ∂ lnq/∂ lnp2. Then from Eq. (46) we have a relation

F2(x)δf2(x) = x
∑

e2q
[
q(x)δfq(x) + q̄(x)δfq̄(x)

]
. (47)

One can conclude from Eq. (47) that at large x, where the antiquark distributions can be ne-
glected, δf2 is dominated by quarks. For simplicity we neglect the isospin effect and assume
δfu = δfd = δfq , then δf2 = δfq at large x. At small x both, the quark and the antiquark contri-
butions, have to be taken into account.
Off-shell effects in nucleon structure functions were discussed in [48,50] using the spectral

representation of the quark distributions in the nucleon with four-momentum p

q
(
x,p2

)
=

∫
ds

tmax∫
dtDq/N

(
s, t, x,p2

)
. (48)

The integration in Eq. (48) is taken over the mass spectrum of spectator states s and the quark
virtuality t = k2 with the kinematical maximum tmax = x[p2− s/(1−x)] for the given s and p2.
The invariant spectral densityDq/N measures the probability to find in a nucleon with momentum
p, a quark with light-cone momentum x and virtuality t and the remnant system in a state with
invariant mass s.



Framework for Deuteron

Fermi-motion and binding

• Incoherent scattering from not too fast individual nucleons

• Final State Interactions (FSI) can be neglected

Momentum fraction of ‘d’ carried by ’N'

this quantifies how far the nucleon is 
from the light-coneDNP meeting – Oct 31st, 2020accardi@jlab.org 4/21

Deuteron target 1: Fermi motion and binding
 

  Weak binding approxima2on:

– Incoherent scaJering from 

not too fast individual nucleons

– Neglects FSI

structure func?on of 
bound, o/-shell

nucleon

kinema?c and 
“Lux” factors Nucleon wave func?on

quan?Oes how far the nucleon is from the light cone  (γ = 1)

For details:
S.Kulagin,  ML.06
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Framework for Deuteron

Off Shell corrections

• Nucleons are bound in the deuteron (but not too much if x not too large) 

• Structure Functions are deformed

• Parameterization inspired by Kulagin, Petti (2007)

CJ15 

• Generalized parameterizations
DNP meeting – Oct 31st, 2020accardi@jlab.org 5/21

Deuteron target 2: off-shell corrections
 

 Nucleons are bound in the deuteron:

–                      

(but not too much if x not too large)

– Structure func?ons are deformed

 O/shell expansion:
 

– parametrize Orst order coeRcient

– In CJ15: 

• parametriza?on inspired by Kulagin, PeT (2007)

• x1 Oxed by valence quark sum rule

Free proton, neutron
structure func?on “oUshelll func?on”

For details:
S.Kulagin,  ML.06
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Parametrization of off-shell deformation 
 

 3 CJ varia?ons

– CJ15 – Factorized à la KP:

– Generic 2nd order polynomial: 

– Generic 3rd order polynomial:

Fixed by baryon 
number sum rule

Kulagin-PeT
CJ15 
CJ15 2nd order
CJ15 3rd order

CJ15 Off shell variations 
• Parameterization inspired by Kulagin, Petti (2007)

• Generalized parameterizations

Preliminary
Observation:
Data lose constraining power 
for x > ~0.7

fixed by Baryon number sum rule
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CJ15 Higher-Twist variations 

• Two sets of choices ->  4 combinations

Additive

Multiplicative

Iso-Spin
Symmetric Asymmetric

DNP meeting – Oct 31st, 2020accardi@jlab.org 14/21

HT assumptions
 

 2 sets of choices – 4 combina2ons:
 

– Isospin symmetric HT(p)
 
= HT(n)

 
  vs.  asymmetric HT(p)

 
≠ HT(n)

 

– Addi?ve vs. Mul?plica?ve (with Q2-independent coeRcients)

 

 Note: any given HT choice also eUec?vely imposes

  isospin dependence, Q2 evolu?on prescrip?ons!
 

  e.g., a Q2–independent, isospin symmetric mul?plica?ve HT

  generates an equivalent addi?ve HT that depends on both
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HT assumptions

AKP-like!

9

An agreement
with Alekhin + 
KP (e+d global 

fits) PRD96 
(2017) 054005 

Additive HT
+

both groups are currently (collaboratively) working on identifying 
the source of this discrepancy

CJ15 Higher-Twist variations 
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HT assumptions

(from Mul?pl.)

(from Mul?pl.)

(from Mul?pl.)

(from Mul?pl.)
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CJ15 Higher-Twist variations 



JLab 6 GeV data (Kinematical Coverage)
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Interplay of observables

Picture Courtesy Alberto Accardi
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“BONuS” tagged neutron target

D p

nn X

Interplay of observables

D

n

X

Deep inelas2c 
deuterium

p

pbar

q

q’

W
l

n

D0, CDF asymmetries

nucl. + oUsh. dynamics

&
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of x. This is illustrated in Fig. 14, which demonstrates the
shrinking of the d=u uncertainty bands (which are shown
here and in the remainder of this section at the 90% C.L.)
with the successive addition of various data sets. Compared
with the fit to DIS only data, in which the d=u ratio has very
large uncertainties beyond x ≈ 0.4, the addition of the
lepton asymmetries leads to a reduction in d=u of more than
a factor of two at x≲ 0.4, with more limited impact at

higher-x values due to the PDF smearing caused by the
lepton decay vertex. (Addition of Z boson rapidity data
[90,91] has only modest impact on d=u.) Subsequent
inclusion of the W asymmetries leads to a further halving
of the uncertainty at x ≈ 0.6–0.8, while having minimal
effect on the errors at x≲ 0.4.
In fact, independent of the charge asymmetry data, a

significant reduction in the d=u uncertainty at intermediate
x values is already provided by the Jefferson Lab BONuS
data on Fn

2=F
d
2 [20,21]. While the BONuS data have little

or no effect at x≲ 0.3, the reduction in the d=u error at
x ∼ 0.5–0.6 is almost as large as that from the lepton
asymmetries. (The BONuS data have a slight preference for
stronger nuclear corrections, in contrast to the lepton
asymmetry data, although the tension is not significant.)
Using all the available data from DIS and W boson
production, the central value of the extrapolated d=u ratio
at x ¼ 1 is ≈0.1 at the input scale Q2

0. The nuclear model
dependence of the central values of the x → 1 limit of d=u
is relatively weak, ranging from 0.08 for the WJC-1 wave
function to 0.12 for the CD-Bonn model. For our best fit,
we obtain the extrapolated value,

d=u!
x→1

0.09" 0.03; ð16Þ

at the 90% C.L., which represents a factor ≈2 reduc-
tion in the central value compared with the CJ12
result [14].
While the new charge asymmetry and BONuS Fn

2=F
d
2

measurements provide important constraints on the d=u
ratio, the existing inclusive deuteron DIS data still play an
important role in global analyses, as does the proper
treatment of the nuclear corrections. If one were to fit
Fd
2 data without accounting for nuclear effects (assuming

Fd
2 ¼ Fp

2 þ Fn
2), the resulting d=u ratio would be strongly

overestimated beyond x ¼ 0.6, where the Fd
2=F

N
2 ratio

begins to deviate significantly from unity (see Fig. 9).
This is illustrated in Fig. 15, where the CJ15 d=u ratio is
compared with the fit without nuclear corrections. This
behavior can be understood from the shape of the Fd

2=F
N
2

ratio Fig. 9 at large x, where the effect of the nuclear
corrections is to increase the ratio above unity for x≳ 0.6.
Since Fd

2 and Fp
2 are fixed inputs, a larger Fd

2=F
N
2 is

generated by a smaller neutron Fn
2 and hence a smaller d=u

ratio. For example, the effect of the nuclear corrections is to
shift the d=u ratio at x ¼ 0.8 from the range ≈0.1–0.3 to
≈0–0.2 once the smearing and off-shell effects are
included. Removing the deuterium data altogether
increases the overall uncertainty band for x≳ 0.7. The
deuteron data also reduce the d=u uncertainties slightly at
smaller values of x≲ 0.2 (see below).
Effects on large-x PDFs from nuclear corrections have

also been investigated by several other groups in recent
years [6,10,80,99,106] and it is instructive to compare
the CJ15 results on the d=u ratio with those analyses.

FIG. 13. W boson charge asymmetry AW from pp̄ → WX as a
function of the W boson rapidity yW for CDF (green open
squares) [89] and DØ (blue circles) [19] data compared with the
CJ15 fit with 90% C.L. uncertainty (yellow band).

FIG. 14. Impact of various data sets on the d=u ratio at
Q2 ¼ 10 GeV2. The 90% C.L. uncertainty band is largest for
the DIS only data (yellow band), and decreases with the
successive addition of Jefferson Lab BONuS Fn

2=F
d
2 [21] data

(green band), lepton asymmetry [17,18,88] (and Z rapidity
[90,91]) data (blue band), and W boson asymmetry data
[19,89] (red band).

CONSTRAINTS ON LARGE-x PARTON DISTRIBUTIONS … PHYSICAL REVIEW D 93, 114017 (2016)
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F2d/F2n extraction
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•Calculation with CJ15 PDFs and CJ15 Off-Shell parameters (blue band)
•Calculation with CJ15 PDFs and KP Off-Shell parameters (green line)
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Impact of JLab 6GeV data on Off Shell 

CJ15 (global analysis)

Fit Off-Shell discrepancy between CJ & KP

Here we have included the following JLab 6 GeV data sets
Hall A, C data :- jl00106F2[p&d], e06009d, e99118[p&d], 

jlcee96[p&d], e03103[p&d]
Hall B data :- BoNuS6, clas6



Impact of JLab 6GeV data on d/u
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Summary of impact on d/u, u quark and gluon distributions from JLab6 data 

 
From JLab halls AC & BoNuS & clas6 data (with new Off-Shell 2-degree polynomial parameterization) 
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Impact of JLab 6GeV data on d/u and Off-Shell
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Discussion & Outlook
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Ø Uncertainty of the Off-Shell function gets shrunk with 
combined JLab A,C + BoNuS, while combining 
JLab A.C & BoNuS

Ø There is about ~10% improvement on d/u systematic 
uncertainty from the entire JLab6 data

Ø u-quark distribution as well as gluon distribution 
systematic uncertainties also get improved

Ø A paper in progress…
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